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The Dark Abelian Sector Model (DASM) is an extension of the StandardModel of particle physics
with an additional spontaneously broken Ud(1) gauge symmetry connected to a dark sector, i.e.
the SM particles do not carry the corresponding charge. In addition to the gauge boson resulting
from the extra Ud(1) gauge symmetry, the particle content is extended by a further Higgs boson,
one Dirac fermion as well as right-handed neutrinos. Employing the UY (1) field-strength tensor
as well as the SM Higgs mass operator (the only two singlet operators of the SM with dimension
less than four) and the right-handed neutrino fields, we open three portals to the dark sector.
After an introduction of the model, we discuss a renormalization scheme for the complete model
with a special focus on the renormalization of the mixing angles. Finally, as an example of
application, we present the prediction for the W-boson mass derived from muon decay in the
DASM.
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1. Introduction

While the results of collider experiments nicely conform with the predictions of the Standard
Model (SM) so far, there are still open questions the SM cannot answer. One of these questions is
what darkmatter is made up of. In order to find hints for the actual realization of darkmatter in terms
of new particles, many different SM extensions are considered in the literature. One possibility that
has been discussed is the extension of the SM gauge group by an additionalU(1) symmetry, see e.g.
Refs. [1–10]. In this proceedings contribution, we will present a particular U(1)-extended model
with a dark sector. A more detailed discussion can be found in Ref. [11].

2. The Dark Abelian Sector Model

The Dark Abelian Sector Model (DASM) is an extension of the SM with an additional Ud(1)
gauge symmetry and a corresponding charge q̃ and gauge field Cµ,

LUd = −
1
4

CµνCµν (1)

with Cµν = ∂µCν − ∂νCµ. Kinetic mixing provides a portal to the SM in the gauge sector,

LUd,portal = −
a
2

BµνCµν, (2)

where Bµν = ∂µBν − ∂νBµ and Bµ the U(1) hypercharge gauge field of the SM. The neutral gauge
fields W3, µ, which is the third component of the SUL(2) gauge-field multiplet, Bµ, Cµ mix to the
mass eigenstates Aµ, Zµ, and Z ′µ corresponding to the photon, the Z boson and a Z ′ boson.

The mass of the Z ′ boson is generated via spontaneous symmetry breaking. This requires an
extension of the Higgs sector by a complex Higgs field ρ, which is a singlet under the SM gauge
group and has a dark charge q̃ρ = 1,

LHiggs = µ
2
2Φ
†
Φ + 2µ2

1ρ
†ρ −

λ2
4
(Φ†Φ)2 − 4λ1(ρ

†ρ)2 − 2λ12Φ
†
Φρ†ρ, (3)

where Φ is the SM-like Higgs doublet. The last term in Eq. (3) is the scalar portal which allows
for interactions between the Higgs singlet and the SM fields. The neutral scalar components of the
Higgs doublet and of the Higgs singlet can mix, and the resulting mass eigenstates are h, H.

In order to allow for neutrino masses, the DASM comprises right-handed neutrino fields for
each generation, ν′Rj , j = 1,2,3. Furthermore, a neutral Dirac fermion f ′d with a dark charge q̃f = 1
is added. The corresponding fermion Lagrangian can be written as

LFermion = L
SM
Fermion + f̄ ′d

(
i /Dd − mfd

)
f ′d +

∑
j=e,µ,τ

[
ν̄′Rj i/∂ν′Rj −

(
yρ, j ρ f̄ ′Ld ν′Rj + h.c.

)]
−

∑
k ,l=e,µ,τ

(
L̄ ′Lk G′νklν

′R
l Φ

C + h.c.
)
, (4)

where L ′
k
is the left-handed lepton doublet, G′ν the neutrino Yukawamatrix, and Dµ

d = ∂
µ + iq̃edCµ

the covariant derivative of the dark gauge sector with the coupling constant ed. The last term in
the first line of Eq. (4) provides a portal between the dark sector and the SM with the Yukawa-type
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couplings yρ, j . In the following we assume that the masses of SM-like neutrinos can be neglected.
Taking this into account, we can simplify the mass matrix of the neutrinos, and it turns out that
the physical effects can be described by only one of the SM-like neutrinos mixing with the dark
fermion and, hence, by one Yukawa coupling yρ. This mixing gives rise to two new neutrino-type
mass eigenstates, one massless and one massive, in addition to two further massless neutrino mass
eigenstates.

The parameters of the DASM comprise the SM ones

g1,g2,g3, µ
2
2, λ2,G`,Gd,Gu, v2, (5)

where g1, g2, g3 are the U(1) hypercharge, the SU(2) isospin, and the SU(3) gauge coupling, Gi

with i = `, d,u are the Yukawa coupling matrices of the charged leptons, the down-type and the
up-type quarks, and v2 denotes the vacuum expectation value of the Higgs doublet. The additional
parameters originating from the non-SM-like sector are summarized as

ed,a, µ2
1, λ1, λ12, yρ,mfd, v1, (6)

with v1 being the vacuum expectation value of the Higgs singlet. These original parameters of the
Lagrangian are replaced by the following set of input parameters for the SM parameters,

αs,MW,MZ, αem,MHSM,m f ,V, (7)

and for the parameters of the non-SM part,

MZ’, γ,Mh′, α, λ12,mν4, θr, v1, (8)

with αs and αem being the strong and the electromagnetic coupling constants, respectively, MW, MZ,
MZ’ denoting the gauge-boson masses, MHSM , Mh′ the SM-like and the non-SM-like Higgs-boson
mass, m f the fermion masses, mν4 the mass of the fourth neutrino, and γ, α, θr the gauge-boson,
the Higgs-boson, and the neutrino mixing angles, respectively, and V the CKMmatrix. These input
parameters are also those that enter our renormalization procedure where we define

• masses and fields via on-shell conditions,

• mixing angles via ratios of on-shell form factors or as MS parameters,

• the electric charge as coupling of fermion–photon interaction in the Thomson limit,

• λ12 as MS parameter.

The CKM matrix has been chosen as unity matrix throughout our work. The treatment of the
vacuum expectation values included above are connected to the treatment of the tadpole parameters
for which we offer several alternatives including the gauge-invariant vacuum expectation value
scheme (GIVS), see Refs. [11, 12].

Since the gauge-boson mixing angle γ enters the calculation of the W-boson mass, we sketch
our renormalization condition for γ here: Following the idea of Ref. [13], we introduce a “fake
fermion” field ωd,

Lωd = ω̄d

[
i/∂ − ẽq̃ω(sγ /Z + cγ /Z ′) − mωd

]
ωd, (9)
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where we introduced the short-hand notation sγ = sin γ, cγ = cos γ and ẽ = ed(1 − a2)−
1
2 . The

vertices between the fake fermions and the gauge bosons Z , Z ′ vanish for vanishing charge of the
fake fermion, q̃ω,

Zµ

ωd

ω̄d

= −iq̃ω ẽsγγµ, Z′
µ

ωd

ω̄d

= −iq̃ω ẽcγγµ .

The amplitudes corresponding to the decay of the gauge bosons Z , Z ′ can be expressed in terms of
the form factors F Zω̄dωd and F Z′ω̄dωd as

MZ→ω̄dωd = [ūωd/εvωd]ZF
Zω̄dωd, MZ′→ω̄dωd = [ūωd/εvωd]Z′F

Z′ω̄dωd . (10)

For the renormalization condition defining γ, the ratio of the form factors is fixed in such a way that
loop contributions vanish,

lim
q̃ω→0

F Zω̄dωd

F Z′ω̄dωd

!
=
F

Zω̄dωd
LO

F
Z′ω̄dωd
LO

=
sγ
cγ
. (11)

The ratio of the form factors at NLO can be expressed by

F
Zω̄dωd
NLO

F
Z′ω̄dωd
NLO

=
F

Zω̄dωd
LO

F
Z′ω̄dωd
LO

[
1 +

δsγ
sγ
−
δcγ
cγ
+

1
2

(
δZZZ − δZZ′Z′ +

cγ
sγ
δZZ′Z −

sγ
cγ
δZZZ′

)
+ δZω̄dωd

loop − δZ
′ω̄dωd

loop

]
, (12)

where the field renormalization constants are introduced via the renormalization transformations of
the fields

©­­«
A0
Z0
Z ′0

ª®®¬ =
(
13 +

1
2
δZV

) ©­­«
A
Z
Z ′

ª®®¬ with δZV =
©­­«
δZAA δZAZ δZAZ′

δZZA δZZZ δZZZ′

δZZ′A δZZ′Z δZZ′Z′

ª®®¬ . (13)

The renormalization constant δγ corresponding to the gauge-boson mixing angle is hidden in
δsγ = cγδγ and δcγ = −sγδγ. The relative vertex contributions δZω̄dωd

loop , δZ
′ω̄dωd

loop vanish in the limit
of vanishing q̃ω. Substituting Eq. (12) into Eq. (11) and solving for δγ results in

δγ =
1
2

sγcγ (δZZ′Z′ − δZZZ ) +
1
2

(
s2
γδZZZ′ − c2

γδZZ′Z

)
, (14)

which only depends on field renormalization constants.

3. The muon decay and the prediction of the mass of the W boson

At leading order, the decay width of the muon in the DASM is given as

Γ
W
DASM =

α2
ewm5

µ

384πM4
Ws4

w

(
1 −

8m2
e

m2
µ

)
(15)
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with the sine squared of the weak mixing angle s2
w = 1−M2

W/(c
2
γM2

Z+ s2
γM2

Z’). Since theW boson is
very heavy in comparison to the muon and the electron mass, the muon decay can be well described
within the Fermi theory,

Γ
W
Fermi =

G2
Fm5

µ

192π3

(
1 −

8m2
e

m2
µ

)
, (16)

with the Fermi constant GF , which has been measured very precisely. Equating the two decay
widths, theW-bosonmass can be calculated in terms of the Fermi constant. Higher-order corrections
change this relation to

GF

π
=

αew
√

2M2
Ws2

w
(1 + ∆r), (17)

where

∆r = 2δZe −
δs2

w

s2
w
−
δM2

W

M2
W
+
ΣWW
T (0)
M2

W
+ δvertex + δ

massive
box + δ

γW
box (18)

with the first three terms comprising radiative corrections due to renormalization constants for the
electric charge, the mass of the W boson, and the sine square of the weak mixing angle. The latter
renormalization constant can be calculated from the renormalization constants of the gauge-boson
masses and of the gauge-boson mixing angle. The fourth term accounts for propagator corrections
with ΣWW

T being the transverse W self-energy. The last term δ
γW
box denotes QED box contributions

which can be taken over from the SM [14], since the QED part in the DASM and the SM are the
same, while δvertex and δmassive

box include vertex and box contributions in addition to the SM ones.
In order to eliminate the dependence on light-quark masses, we replace electromagnetic cou-

pling constant αem by αem(M2
Z) = αem(0)(1 − ∆αem)−1. In addition, we resum terms propor-

tional to top quark masses ∆ρ up to O(s2
γ) and replace s2

w by s̄2
w = s2

w + c2
w∆ρ. Splitting ∆r in

∆r = ∆αem −
c2
w
s2
w
∆ρ + ∆rrem [15–19], we obtain

GF =
αem(M2

Z)π
√

2s̄2
wM2

W

(1 + ∆rrem) , (19)

which can be used for calculating the W-boson mass at NLO. For the numerical evaluation, we
make use of the best prediction in the SM [20] by defining our best prediction for the W-boson mass
within the DASM as MDASM

W = MSM
W +∆MW where ∆MW = MDASM

W,NLO −MSM
W,NLO is the difference of

the W-boson mass in the DASM and the SM at NLO.
In Fig. 1, the W-boson mass is shown in dependence of the mixing angle γ for different values

of the mass of the Z′ boson in comparison to the SM prediction and the measured world average as
well as the result of the CDF measurement. Clearly, depending on the parameter values, the DASM
can predict a W-boson mass value that is closer to the measured one. However, in order to assess
whether the DASM leads to a better performance than the SM, further observables have to be tested
simultaneously.
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Figure 1: Predictions for MW in the DASM in dependence of γ for various combinations of MZ′ .
The best SM prediction is given by MSM

W = 80.3536 GeV [20], and the measured world average is
Mexp

W = 80.377 ± 0.012 GeV [21]. In addition, we show the result of the CDF experiment Mexp
W,CDF =

80.4335 ± 0.0094 GeV [22], which has not been taken into account in the world average value quoted
above. The figure is taken over from Ref. [11].

4. Conclusion and Outlook

In this proceedings contribution, we have briefly reviewed the DASM [11], a model with three
portals to a dark sector. A renormalization scheme for this model has been given and applied in
the calculation of the W-boson mass. In order to evaluate whether the DASM is describing Nature
better than the SM, we plan to fit several electroweak precision observables simultaneously and to
investigate the most favourable region of parameter space.
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